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Chapter 1 
INTRODUCTION
Purpose and Scope
This report represents a detailed study of the petro­
graphy and alteration of the Kirwin Mineralized Area, Park 
County, Wyoming. The purpose of the study is 1) to contrast 
the chemistry and mineralogy of the hydrothermally altered 
Wiggins andésite with relatively unaltered Wiggins to better 
understand the chemical and geological processes responsible 
for mineralization, 2) to study the petrography of a funnel- 
shaped tuff deposit which intrudes the mineralized area, and 
3) to determine the paragenetic sequence of ore mineraliza­
tion which can be con^ared to similar mineralized areas. 
Detailed work on ore mineralogy and texture is not included 
in this thesis, but it is hoped that this study will provide 
information about wall rock alteration which can be utilized 
to obtain a better understanding of ore genesis.
Previous Investigations
The most recent study of the general geology in the 
Kirwin area is by Wilson (1960,1964) who mapped and studied 
approximately 300 square miles. Hewett (1912), in briefly 
describing the mineral deposits of this area, was concerned
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
with the numerous small vein deposits. Rouse (1937) 
described the structural relationships and genesis of the 
Absaroka volcanic rocks; his later publication (1940) 
included a discussion of the Caldwell Creek volcanics 
several miles to the southwest of the area under study.
Other publications include Hay (1954,1957) and Parsons 
(1958).
History of Mining
Ore was discovered in the Kirwin Mineralized Area by 
Will Kirwin in 1890 but development was not undertaken until 
1902. At that time several small mining companies began an 
extensive exploration program with the town of Kirwin 
expanding to a population of 200 people. The early work was 
concerned with small high grade gold, silver, and copper 
veins and the one shipment of ore from the area is reported 
to have yielded a net return of $65 a ton after transporta­
tion and smelting charges had been deducted. By 1904 most 
of the mining activity had ceased because of inacessibility 
of the area and low grade ore. A snowslide in 1904 destroyed 
the boarding house and the storehouse of the last operators. 
(Hewett, 1914).
From early days to the present there has been a complex 
history of buying and selling of claims. AMAX Exploration 
Company is presently exploring the area as a potential ore 
deposit.
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Chapter 2 
GENERAL GEOLOGIC SETTING
Introduction
The area under study is located in the southern 
Absaroka Mountains of Park County, Wyoming, between 4 3®51' 
and 43®54' north latitude and 109*15' and 109*19' west 
longitude. The Kirwin Mineralized Area is near the head­
waters of the Wood River drainage between Spar and Cascade 
Creeks and within Township 45 North and Range 104 West. 
(Figure 1). 111* I 10* 109"
V- COOH* CitygijtTfict  _  M O NTA N A  
W Y O M IN G
Y e l l o w s t o n e
NATIONAL PARK . Sunliiht disirlef BIG
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Figure 1. Map of Northwestern Wyoming.
(From Ketner, Keefer, Fisher 
and Smith, 1966.)
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The area is characterized by rugged topography. Ranging 
from an altitude of 9200 feet in the ghost town of Kirwin, 
elevations in excess of 12,000 feet are recorded in surround­
ing peaks. A dense growth of conifers generally covers the 
area below the timberline at approximately 10,000 feet.
Since the mineralized area is covered by a thin veneer of 
soil, the outcrops are insufficient for detailed mapping. 
However, recent road cuts have greatly helped in revealing 
the elusive rock exposures. A typical alpine climate exists 
and snow can be expected almost every month of the year with 
August snow being uncommon. Rainfall averages 11.15 inches 
per year. Temperatures range from an average of 12®C in the 
winter to 46.6®F in the summer. Temperature and precipita­
tion data are based on interpolation of 20 years accumulated 
U. S. Weather Bureau data from a nearby weather station.
General Geology and Stratigraphy
The layered volcanic rocks and volcanics which have been 
reworked by sedimentary processes in the southern Absaroka 
Mountains, ranging in age from Eocene to Oligocene, have a 
maximum thickness in excess of 5,000 feet. In Figure 2,
Rouse (1940) shows a belt of intrusions essentially paral­
lel to the structural trend of the Rocky Mountains. These 
intrusions occur in the central part of the Absaroka Moun­
tains where the volcanics have their maximum thickness.
Rouse further suggests that these intrusions might follow
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2. Map of Absaroka volcanics showing 
northwest trending belt of intrusions 
(From Rouse, 1940).
a zone of weakness in the basement rocks and this zone 
might account for extrusion of the great thicknesses of 
volcanic material found here. It is of note that the Kirwin 
Mineralized Area, and several other mineralized areas shown 
in Figure 1, are located on this structural trend.
Paleozoic Rocks. A block of Paleozoic rocks approxi­
mately one square mile in map area occurs at the head of 
Wood River. This uplifted mass dips northwest and, accord­
ing to Rouse (1940), is structurally related to a quartz- 
latite-porphyry intrusion. The Cambrian, Ordovician,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Devonian, Mississippian, and Pennsylvanian rocks were tilted 
and uplifted by the intrusion.
Willwood Formation. Named by Van Houten (1944), the 
Willwood Formation consists of variegated shales> white and 
yellow sandstones and locally abundant conglomerates. This 
formation is 2,500 feet thick at the type locality near the 
town of Willwood, Bighorn County, Wyoming. According to 
Wilson (1960), only the "upper (?)" part of the Willwood is 
present in the Wood River area. The formation is considered 
to be Wasacchian (lower Eocene) in age by Van Houten (1944), 
The Willwood is not exposed in the Kirwin area but outcrops 
approximately fifteen miles to the northeast.
Pitchfork Formation. According to Wilson (1960), the 
Pitchfork Formation outcrops approximately ten miles to the 
northeast of Kirwin and overlies the Willwood Formation with 
angular discordance. The formation was named by Hay (1956) 
and consists of detrital, largely volcanically derived sand­
stones, siltstones, and conglomerates, and a few tuffaceous 
pyroclastically derived beds. The age of the Pitchfork 
Formation appears to be Middle Eocene according to Hay (1956) 
on the basis of vertebrate fossils identified by Jepsen 
(1939) and Van Houten (1944).
In the Wood River area, the volcanic fragments of the 
Pitchfork Formation are pyroxene andésites. The sandstones
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and conglomerates are composed of plagioclase (An̂ g.-̂ Q) ̂ 
augite, and orthopyroxene enclosed in a matrix of altered 
plagioclase, clay, and quartz. Hornblende, olivine (?), 
orthoclase, and quartz are present in minor amounts with 
varying proportions of magnetite, opal, and glass. In ah 
agglomeritic or conglomeritic zone between Deer Creek and 
JoJo Creek are light gray subangular to subrounded nonfos- 
siliferous fragments of what could be Paleozoic limestone.
Wiggins Formation. The Wiggins Formation is the only 
layered rock unit of direct concern in the Kirwin Mineral­
ized Area. The Wiggins Formation was described by Love 
(1939) as a highly variable sequence of light colored rocks 
that form the high ridges and divides in the southern 
Absaroka Mountains. A detailed discussion of the lower 
Wiggins Formation follows in the next section.
Wilson (1960) considers all the igneous flows and 
breccias and volcanic sediments that lie above the Early 
Basalt Flows of Hague (1899) to be Wiggins Formation. The 
Wiggins has been divided into three units which are the 
Lower member, the Crosby breccia, and the Upper member.
The Crosby breccia is a cliff-forming unit in the Kirwin 
area which is composed of both rhyolite blocks and lapilli 
up to one foot in diameter, and andésite fragments to four­
teen inches in diameter in a light greenish gray andésite 
matrix. The contact with the underlying Lower member is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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generally unconformable. The Upper member, which unconform- 
ably overlies the Crosby breccia, is quite variable in gross 
lithology and mode of deposition, but is predominantly 
igneous hornblende-biotite andésite, pyroxene andésite flows, 
and flow breccias. (Wilson, 1960).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3 
THE LOWER WIGGINS FORMATION
Petrology
The lower Wiggins Formation is the most important 
layered rock in the Kirwin Mineralized Area. A funnel- 
shaped tuff breccia and welded tuff body occurs at Kirwin 
intruding the lower Wiggins so that a knowledge of under­
lying rocks is essential before undertaking pétrographie 
studies. Detailed pétrographie and alteration studies in 
the tuffaceous body will be covered in a later section.
Wilson (1960) states that the lower Wiggins is variable 
in character and can be divided into four zones ;
1. The lower zone, or Blue Point conglomerate, is 
composed of dark greenish gray andésite cobbles in 
a matrix of greenish to brownish volcanic material.
2. The second zone consists of fairly well bedded 
reworked volcanic rocks. These conglomerates, breccias, 
and sandstones consist of andésite, andésite breccia, 
basalt, and perhaps rhyolite fragments.
3. The third zone overlies and/or interfingers with 
the underlying zone and consists of conglomerates and 
sandstones of indefinite origin. These rocks contain
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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subangular to subrounded andésite fragments which are 
evidence of both igneous flow activity and reworking 
by sedimentary processes.
4. The upper zone consists of greenish gray to grayish 
purple andésite porphyry flows# flow breccias# and a 
few interbedded tuffs.
Wilson (1960) places the contact of the Wiggins Forma­
tion with the underlying Pitchfork Formation at the base of 
what he calls the Blue Point conglomerate. This bed can be 
traced fifteen miles south into the Greybull River drainage 
where it overlies the Early Basalt Flows# making it possible 
to correlate the basal part of the Wiggins Formation with 
the Late Basic Breccia as mapped by Hague (1899).
In the mineralized area# the Wiggins Formation is 
likely the upper zone as described by Wilson (1960)# although 
alteration is so intense in many places that the original 
rock cannot be identified. Sixty-four thin sections of the 
Wiggins Formation were studied, and 150 X-ray diffraction 
patterns from 28 samples were analyzed to determine the 
suite of clay minerals produced by hydrothermal alteration. 
The fact that four "clay" minerals: chlorite# one or two
kaolin group minerals# one 10 Â micaceous mineral, and a 
smectite group mineral were present in nearly every sample 
made the analysis and interpretation difficult.
The writer is generally in agreement with Wilson as to 
the petrology of this facies of the Wiggins Formation. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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rock is a porphyritic andésite consisting of plagioclase 
(An4Q>quartz, biotite, and hornblende phenocrysts in a 
fine matrix of plagioclase and hornblende with minor quartz, 
biotite, and sanidine (?). Characteristically, the ground- 
mass is pilotaxitic with some evidence of flow structure in 
the microlites. In hand specimen the rock is dark greenish 
gray with less common purple or reddish colors on weathered 
surfaces. Small phenocrysts are sometimes aligned indicating 
flow orientation. Commonly, the groundmass is too fine 
grained for identification of individual mineral grains.
Of some importance is the rather intense random shat­
tering of the andésite which is presumed due to either 
cooling or intrusive igneous activity, or both. On the 
margins and outside the mineralized zone these remain as 
open cracks or oxidized surfaces of fracture walls, but in 
the mineralized zone they are quartz sulfide veinlets. It 
follows then that this fracturing provided the passageways 
for hydrothermal fluids.
In thin section the Wiggins andésite shows various 
stages of alteration depending on its proximity to the 
center of alteration. Two thin sections from the zone of 
propylitic alteration, or least altered zone, were chosen 
as representative of the conditions present when hydro- 
thermal activity related to mineralization occurred. These 
thin sections show only minor alteration of plagioclase
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
to calcite, sericite, and epidote. The average mode and 
modal range are given below in Table 1.
Minerals Average Mode Modal Range
Quartz 2.3 1.9- 2.8
Plagioclase 26.5 24.6-28.4
Biotite 6.6 3.9- 9.3
Hornblende 8.3 7.6- 9.0
Matrix 56.3 55.8-56.9
Apatite tr. tr.
Epidote tr. tr.
Calcite tr. tr.
Table 1. Modal Analysis of the Wiggins Andésite.
Based on two thin sections in the zone 
of propylitic alteration.
In addition to the minerals which were studied in thin 
section, four "clay" minerals were detected by X-ray diffrac­
tion analysis. These include chlorite, a member of the 
smectite group, sericite, and kaolinite.
Chemical analyses of the relatively unaltered Wiggins 
Formation, altered Wiggins Formation, the United States 
Geological Survey standard andésite AGV-1, basaltic andésite, 
and hypersthene andésite are shown in Table 2.
1 2 3 4 5
Oxides
Altered
Andésite
Unaltered
Andésite AGV-1
Basaltic
Andésite
Hypersthene
Andésite
Si02 69.04 63.61 60.77 56.53 60.56
AI2O3 17.12 17.38 17.61 18.24 17.99Fe2Û3 5.18 3.60 6.61 6.78 5.52
MgO 1.78 3.17 1.54 5.18 3.53
CaO .40 4.36 5.04 7.49 6.33
NaoO .13 3.39 4.36 3.69 4.20
K2O
Ti02
4.89 3.64 2.96 1.24 1.32
1.09 .75 1.08 .85 .55
Total 99.63 99.90 100.00 100.65 100.00
Table 2. Chemical Analysis of Wiggins Andésite and 
Other Andésites.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Explanation of Table 2 :
1. Altered andésite from the Kirwin Mineralized Area 
near the center of alteration at a depth of 399 feet.
2. Unaltered andésite from the Kirwin Mineralized 
Area outside the altered area at a depth of 250 feet.
3. AGV-l-U. S. G. S. standard from the east wall of 
Guano Valley in Lake County, Oregon. (Flanagan, 1967).
4. Basaltic andésite with 6,3 percent normative quartz 
from Crater Peak, southern Oregon. (Williams, 1942).
5. Hypersthene andésite with 11.7 percent normative 
quartz. Crater Lake, southern Oregon. (Williams, 1942).
The samples AGV-1, basaltic andésite and hypersthene 
andésite were normalized to 100% after excluding P2O5, H2O, 
CO2 f and LiBOy, and after considering all iron as FegOg.
The Wiggins andésite contains more silica and potassium and 
less alumina and iron but the other oxides are well within 
the range of normal andésites.
Petrogenesis
The Wiggins andésites show characteristics typical of 
andésites in the basalt, andésite, rhyolite association. 
Quartz phenocrysts are embayed and partially resorbed into 
the matrix. Most plagioclase phenocrysts show oscillatory 
zoning with anorthite content both increasing and decreasing 
outward. However, some plagioclase does not appear to be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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zoned. The resorbed quartz and complexly zoned plagioclase 
could be explained by assimilation of wall rocks which 
changed the composition of the melt. Alternating changes in 
pressure of the presumably rising melt could also account 
for this phenomena. Figure 3 shows a reduction in the 
quartz stability field with decreasing water pressure which 
would undoubtedly be the case when the andésite flows were 
extruded. Quartz phenocrysts in equilibrium with plagio­
clase while the melt is at depth would be resorbed into the 
melt during and after extrusion.
Complex zoning in plagioclase phenocrysts can be 
explained in a similar manner. Assuming the volcanics were 
all derived from the same parent magma, the pressure in the 
magma chamber would rise and fall in correspondence with 
periods of quiescence and eruption.
Figure 4 is a phase diagram in the system albite- 
anorthite. Two stability fields are shown at pressures 
and ?2 with temperature held constant at T̂ . P̂T-̂  ̂repre­
sents the initial state of the magma before extrusion with 
plagioclase of composition CP]_ crystallizing. After 
extrusion pressure has decreased to Pg with no change in 
temperature, the composition of the plagioclase now 
crystallizing is CP2. After the eruption terminated, the 
vents would presumably plug allowing the volatile pressure 
to increase perhaps back to P̂ . The composition of plagio­
clase would then return to CPĵ . Thin section studies
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
N  O
s r
&
15
0 0 i J U > < D - H < U < I J ^ ^ O  • ' O t T ' O  
O - w d ' o  j S r - < r e Q . i ^ u - - ^ i B i a  
< N < D O O N - * J 4 J ' D a » £ X »  E - ^  
- H 4 J . H > * * J O - ‘- ' c o a o  c . 'w
w  4J U 3 3 X f l j i n * J  0  
OHM Ü M B ‘M É - < o a i  ' « B ’O  
M  o  W «  3  O J3 0> COJ  
<  0  4J CT  *M -  k  M  C *0 U
t O l f t O < M  ( O O ' O I O B B - H  It
u  0  w I t  (M (u •-* e  o  -  u  
—  U Û .  0 V ^ ( f l < D V ( ' 0 W T 3 N 4 J  C B  m  3 - t J - H o c i y  *) 
<hi*o-Mai+j(c»Mj3(t-HNjH'a 
» C M i t ' O  f - i O B O )
■«■ i t O > P M  M O r t  » 3 - U  
0 0 .  U + J < l i g r t t f l 4 J E J H C r U
0  <  '  <0 tt O.  O &. H*  I t  3  O  tJ
m  «M k  E  W m T d g  « t - r i
•H W) Q) Q) « MT>  iJ  o
M  . (u c  P . * i
^ 4 J £ < g
4  C  (A I 4 ) ' O c D U 4 a o o E  
i t < U i t ^ 4 J  C W )  * m j ]  C n - t J  
Z  U  «0 4  B m N m B W C N C
W 1 C  r4 4J fM £ - H 4 J « tS t )  "O O W V ^ ' - ' < K 6 - . 4 J M  a C O - < ^ C ‘ B £  U i t -1 (8 W O C 3 C 4 J  ( U 3 ( 0
- . '■iJ V» H 0 O f l )  . « 5  CT*0
CO£ m . Of *> w 3  0  W W I t
O t T t a ^ - ' > - H V  o  -w <1; <L B  >
M W  C W C m n f l  • I S -W M £  (U
- r H Q > - H + J * - » O U - - '  O l k ^ C & Z
w  5  r-( d  a .  w o  .Q 0 I t  ' H M
<-4 -W C ^  C  c  7)  B  ItS d - M O  .  13 3  m  B  B  c  "O u•W £  c u ^  c | ' H  U :S G c  uCT'^OO B e  a i B O B B B  • 
B  W l A O » - 4  IM j ]  B - W W
W k m i B O ' E U C ^ B  « 5 W T 3  
O f f l ' - " O ^ D  0  M  L  13 k  M  >~l
B - ' E C - H 3  
£ « « >  •w o > * ^ I - ' £ I U C j: 3 B w 
B - W g B 4 ^ C 4 ^ B  J j ' W k  k  iM
4 J C ) ^ Z W - H 4 J 0 i - l - H < M 0 i A 4 J  
t f ) B B  B  E  w w B  3  O B C ^
> i C £ B i  ^ i C * ^  t r  w B B
« O w » L i B N 3 3 ' M ' O C C k i U C .  
C L 0 W i - 4 J 0 I ’- ' E B B - h < b  I 0)
B E w b W i  E w  3  t j + j ' O
£ 0 ' H - H  £ v o m ü O ' U c ; y ) . w  
4 J t >  U ] U 4 k i U B 3 £ C 3 B ( U  
B ‘ B  i j V 4 0 J B O B ' * -  
C . H  —  M W » J ^ S C 3 - M  £  
- W i - ^ W B ‘M O ® t t t t f l « ) C J a  B J 3  
4  B k  B  • M £ W C 0 4 ' a £ <
»  c * >  "M W  *» B O h  - W 4 J 1
C - w d O J O  • H W O ' O X O J  W
O ' M i D ' H  . ki O. B  Cr-w E o  
• W B  u  e t a ?  B £  3  *M 0
4^ k, > ,  I C O  O k i B O  k  13
B  3  >  M  -w - H • » m ®  ki W . .  «M d
' W « B t f t O - H Û + J X j S 4 J £ v j  B  
® W ® B r o - H  U  ®  M  E  A:
M ® £ ®  (A > ,  B M C  4;  t n O  -
n 0 £ 3 3 - H  C B O ®  
l OCb B O Û .  B C O ' m O ^ M V )  
3  » £ !  • 0 4 J w n O k i 4 a  B
1 3 0 B + J C 1 3 B W M  D  O l -i  fW
-w 04 w 4 C * > —' B N p B i A O U  
3  5  E  B  Ü  > O c 4 - w  O 
D’  B O  ®  Ï  I -H B to -H
• w o j ' O k l  . « • M B J J C S k . ' C E C T '  
M k C « M . - . k i O £ B 4 B - « ^ ® k i B  
B  3  r~ 3  ki M  M W + J O r - t  
® £ 0 B U i 4 J a  E C n ' O M - M c a  
£  £  >!  O'  B  ' 3  C o4J O  U r H k l « « E O M  O '!-! "M s 
O ' O O ' - ' O k i  • h m b c q . o n  
D ^ o ^ k i  Ü,  ®  ' C B  C  H *J
C -  Q) £  E  3  Z  'W
- H 1 0 - I - I Ü 4 J ®  E T J - H U k i C B
5 i m - h - w E h i O ' O  C « ® B 0 3  
0 4 ^  4 J &  ® C ® B C t A  w O'
£  B  ( T i4 W W B k, ® - H C - U
to C C • U  3  ®  E  £  O U C
O - w  O H w ® ®
C I N )  W g C D C O  B B 1 3  d £  m ®
O Z O B ' B t n c u i k i ' M  I D O G )  ki I £  m  3  ® B - H B M - t J
. Q ^  10 *M » . - l O r H Q , C Ô 4 - J t O Û , ®  
® 04 0 4 J ' ^ J 3 ' - ' E 4 k i U  £
£  O  C k  ® I £  ®
B w O « B k ' Ü C * > £ t - W £ ® ®  k M k i E ) ® M ®  4  M  10 >
4 J ' - " D C ® 1 3 ® ) ' a i  B  k
B N B O - U O - w O C M  . . C  M  3
E - « O i £  C i n > * ‘M ( 0  B o m u o  U Ü
Figure 3. Phase Diagram in the System Orthoclase, 
Albite, Anorthite, Quartz and Water. 
(From Bateman, Clark, Huber, Moore and 
Rinehart, 1963.)
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suggest that this interpretation is correct. The above 
evidence as well as the resorbed quartz phenocrysts imply 
that the andésite is crystallizing in a wet system.
+
T
Ab CP CPt An
2
Figure 4. Phase diagram in the system albite- 
anorthite. (Modified from Hyndman ̂ 
unpublished manuscript).
The minimum temperature of crystallization of the 
phenocrysts was estimated on the basis of Ab/An ratios and 
compared to Winkler's calculated curves (1967). A reason­
able estimate of pressure is 2,000 bars and the calculated 
Ab/An ratio is 1.5 in the Wiggins andésite. The minimum 
crystallization temperature would be approximately 705®C 
(table 3).
The chemical composition of the matrix, which is 56.3% 
of the rock, was estimated by subtracting the chemical 
compositions of the phenocrysts from the chemical composition
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Ab/An Ratio Minimum Melt Temperature
CO 670
7.8 675
5.2 685
3.8 695
1.8 705
Table 3. Experimental Data on Minimum Melt
Temperatures Using Albite Anorthite 
Ratios. (From Winkler, 1967).
of the whole rock. The results were recalculated to 100% 
and are shown in Table 4.
Oxides Percentage
SiOg 71.05
Ti02 .57
AI2O3 15.66
Fe2Û3 .60MgO 2.21
CaO 2.55
NagO
K2O
2.02
5.34
Table 4. Estimated Chemical Analysis of Matrix 
Normalized to 100%.
The matrix is more silicic than the whole rock and resembles 
the composition of granite. It is postulated that crystal­
lization of the matrix occurred immediately after extrusion. 
The estimated quartz :albite:orthoclase ratio of the matrix 
calculated from the matrix composition is as follows: 
quartz —  30.4%, albite --24.4%, and orthoclase —  45.2%. 
Interpolation of Winkler's data shown in Table 5 indicates 
that decrease in pressure would increase the crystallization 
temperature to well above 700®C.
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p
HgO
System with A1 
0 : Ab : Or
D/An =5 «> 
T in *C
System with Ab 
Q : Ab : Or
/An = 2.9 
T in ®C
500
2000
4000
5000
7000
10000
39 : 30 : 31 
35 : 40 ; 25 
31 : 46 ; 23 
27 : 50 : 23
23 : 56 : 21
770
685* .
655
650
625
44 : 19 ; 37 
39 : 25 : 36
31 Î 35 : 34
695
670
655
*More recent experiments by von Platen yielded 670®C.
Table 5. Experimental Data on Minimum Melt Tempera­
tures Using Quartz, Albite, Orthoclase Ratios 
and Pressure. (From Winkler, 1967).
Alteration
The Kirwin Mineralized Area seems to have been a center 
of igneous activity. Around Kirwin, dikes of various ages 
ranging in composition from latite to andésite (Wilson, 
1964), intrude the Wiggins Formation and occur in a rather 
ill-defined radial pattern. A few of these dikes studied 
in thin section will be described in another section. In 
addition to the dikes, a volcanic vent, also to be discussed 
below, occurs in the north central portion of the area. 
Alteration of the Wiggins Formation decreases in intensity 
outward from the center. The dikes are assumed by the 
writer to be genetically related to the hydrothermal fluids 
responsible for alteration of the Wiggins andésite. Early 
dikes, intruding the Wiggins Formation but being cut by the 
volcanic vent, are intensely altered and mineralized. Later 
dikes which cut the volcanic vent are neither intensely 
altered or mineralized.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19
All of the Wiggins Formation, including samples two 
miles from the mineralized area, showed signs of alteration. 
Adjacent to the mineralized area, the rock is fairly unal­
tered andésite, dark green in color with fresh plagioclase 
phenocrysts. Toward the center of the area the rocks become 
softer, more argillaceous, and generally lighter in tone. 
Plagioclase phenocrysts show various degrees of alteration 
ranging from fresh to complete destruction. In the most 
intensely altered rock, both phenocrysts and original 
igneous textures are destroyed beyond recognition.
Alteration products are distributed in a well defined 
zonal pattern which is common to ore deposits of this nature, 
The Kirwin area appears to have two or possibly three 
gradational alteration zones which are commonly described 
in "porphyry copper" deposits. (Lowell and Guilbert, 1970; 
Creasey, 1966). These include a propylitic zone, an 
argillic-phyllic zone, and a suggestion of a possible cen­
tral potassic zone. The argillic-phyllic zone appears to 
overlap the other two zones as the characteristic minerals 
of this alteration zone are found to be ubiquitous.
Propylitic Zone. This alteration zone occurs on the 
margin of the mineralized area but it is not known how far 
this zone extends outward from the center. It is probable 
that this zone has been influenced by two distinct periods 
of alteration, the first, and most important, is deuteric
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alteration at the time of crystallization of the Wiggins 
Formation, and the second a later hydrothermal alteration.
One thin section of Wiggins andésite breccia from a drill 
core approximately fifty feet in depth and two miles from 
the mineralized area is devoid of quartz-calcite-sulfide 
veinlets but is nonetheless altered to calcite, chlorite, 
and clays. Because of the absence of the aforesaid veinlets, 
this rock is considered to be nearly free of later hydro- 
thermal alteration. Alteration products are derived from 
either surface weathering, deuteric alteration at the 
time of crystallization of the andésite breccia, or both.
Approximately 1,500 feet from the center of mineraliza­
tion, the Wiggins andésite shows definite evidence of hydro- 
thermal effects, Chalcopyrite occurs with quartz and cal- 
cite in veinlets and as large disseminated blebs. The 
plagioclase phenocrysts, although relatively fresh, contain 
patches of calcite, epidote, and sericite; the latter often 
oriented parallel to cleavages or twins. Texturally it 
appears that calcite forms first and is later replaced by 
epidote. It appears that sericite forms simultaneously with 
calcite. Clay minerals may also be replacing the plagio­
clase as some grains appear "dusty." Quartz phenocrysts 
are embayed but there is textural evidence for later 
precipitation of quartz which is in optical continuity with 
the embayed grain, and localized on the phenocryst margins.
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Quartz also occurs as veinlet filling material. One 
interesting observation is that quartz veinlets become 
calcite veinlets as they cut through plagioclase pheno­
crysts . (Figure 5). It is not known whether the calcite 
is derived from the plagioclase or the plagioclase provided 
the chemical conditions for precipitation of calcite from 
the vein.
Plagioclase
Calcite
Quartz
Figure 5. Sketch of a plagioclase phenocryst
intruded by a quartz-calcite veinlet.
Hornblende phenocrysts have altered to chlorite, 
calcite, and pyrite. The chlorite and calcite attack 
first along cleavages but also occur as patches in the 
hornblende. Biotite, which appears to be more stable 
than hornblende, occasionally is replaced by calcite and 
chlorite along cleavages (Figure 6).
Figure 6.
Calcite
Sketch of a biotite phenocryst with 
calcite replacement along the cleavage
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The matrix, which appears to be more intensely altered 
than the phenocrysts, contains calcite and clay minerals. 
MontmorilIonite and mixed-layer illite-montmorillonite 
with approximately 80 percent expandable layers are the 
major clay minerals with lesser sericite, chlorite, and 
very minor kaolinite. The kaolin mineral, at least at 
shallow depths, is probably halloysite (see Appendix for 
analysis procedure).
In summary, the major alteration minerals in the 
propylitic zone include quartz, calcite, epidote, and 
montmori1Ionite. The presence or absence of calcite 
seems to be a good marker mineral for placing a boundary 
between the propylitic and the argillic-phyllic zones as 
calcite is totally absent in the latter zone.
Argillic-Phyllic Zone. This zone comprises the central 
portion of the mineralized area and is generally similar to 
porphyry copper deposits described by Lowell and Guilbert 
(1970). The major alteration minerals in this zone are 
sericite, mixed-layer illite-montmorillonite, quartz, and 
biotite with lesser kaolinite and chlorite. Calcite and 
epidote are completely absent in this zone. The number of 
data points is insufficient to draw sharp boundaries on sub­
zones within this major zone but boundaries are probably 
gradational anyway. Sericite and kaolinite become increas­
ingly abundant toward the center of the mineralized area
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whilemontmorillonite increases outward toward the margins.
In thin section it is impossible to -accurately determine the 
total percentage of clay minerals present, but it is estima­
ted that clay minerals, including sericite and chlorite, 
increase from a low of five percent in the propylitized 
zone to fifty percent or greater in the argillic-phyllic 
zone.
In the argillic-phyllic zone the rocks occur as masses 
of quartz, sericite, biotite, and clay minerals, with 
occasional remnants of plagioclase phenocrysts. The 
secondary biotite is brown, very fine grained, and randomly 
oriented. It occurs as patches with chlorite, in which 
case it is presumed to be an alteration product of mafic 
minerals. Disseminated sulfide minerals are frequently 
surrounded by secondary fine grained biotite and occasionally 
the biotite occurs in quartz veinlets. Sericite also occurs 
as patches with sulfides in or near quartz veinlets. When 
plagioclase phenocrysts are altered to sericite, it is common 
to find the sericite aligned with the plagioclase cleavage 
and/or twin planes. In some cases this orientation has 
developed so well that twinning can be seen in former plagio­
clase phenocrysts which are now completely replaced by 
sericite and other clay minerals. Chlorite is intermixed 
with sericite, quartz, biotite, and sulfide; and selectively 
coats and/or replaces chalcopyrite but not pyrite. Another
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occurrence of the chlorite is with quartz in veinlets.
Quartz occurs as veinlets and patches throughout the rock.
The smectite group mineral is a mixed-layer illite- 
montmorillonite with random ordering which varies from 
approximately fifty to 100 percent expandable layers. There 
is no apparent correlation between percent expandability and 
a particular alteration zone or subzone. In the center of 
alteration the percent expandability ranges from about 
fifty to 100 percent while in the propylitic zone the range 
is from about sixty to 100 percent. Percent expandability 
is mainly dependent upon temperature according to Perry 
(1970). Evidence indicates that samples with a high per­
centage of illite contain many veinlets while samples with 
almost pure montmorillonite came from rock with fewer or 
smaller veinlets. In thin section this appears to be true 
although the number of veinlets is often obscured by intense 
alteration. The kaolin group minerals are kaolinite and 
halloysite (?). The polymineralic nature of clay samples 
made positive identification of halloysite very difficult 
by X-ray methods. It is probable, however, that supergene 
processes were responsible for the formation of halloysite. ,
Subzoning within the argillic-phyllic zone is not well 
defined but can be inferred from existing data. Sericite 
and kaolinite are most abundant near the center of the area 
with montmorillonite becoming predominant outward. Secondary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
biotite occurs in all zones in varying amounts so that no 
trends could be observed. Quartz in varying amounts also 
occurs in all zones. Vermiculite was never conclusively 
identified but is probably present also. Figures 7 and 8 
show clay ratios averaged for each drill hole location.
Drill location B is near the center of alteration; A, C, D, 
and E are inside the argillic-phyllic alteration zone while 
F is in the propylitic zone (see Plate 2). The methods for 
estimating clay ratios are shown in the Appendix.
Figure 9 is a variation diagram comparing the chemical 
composition in drill site locations B and F. Whole rock 
chemistry can be seen in Table 2 on page 12. Although two 
chemical analyses alone are insufficient for valid inter­
pretations of the whole rock chemistry in the two alteration 
zones, the writer considers them close approximations based 
on thin section and clay mineral analyses. Silica and 
potassium are relatively enriched in the center of the 
alteration zone while calcium, magnesium, and sodium have 
been leached. The fact that the propylitic alteration zone 
does not contain excessive amounts of the last three implies 
that they were removed from the system presumably into the 
ground water during a hydrothermal stage of alteration.
Potassic Alteration Zone. Secondary orthoclase, 
observed in only two thin sections, occurs with quartz and 
sulfides in veinlets and appears to be fresh and unaltered.
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This secondary orthoclase occurs in the center of alteration 
at drill location B. This zone is defined on the basis of 
only two thin sections, but samples from adjacent drill 
holes might also reveal secondary orthoclase.
Comparison of Alteration Mineral Assemblages with 
Experimental Data. A hypothetical diagram of the alteration 
environment at Kirwin is shown in Figure 10. Facts which 
are important in interpreting the alteration environment 
include :
1. Secondary biotite is ubiquitous and not restricted 
to any particular zone.
2. Montmorillonite increases outward from the center.
3. Sericite and kaolinite increase toward the center.
4. Secondary potassium feldspar is found only in the 
center.
5. Chemical analyses show CaO, MgO, and Na^O relatively 
decreasing toward the center while silica and potassium 
relatively increase.
The scheme proposed by the writer is compatible with 
the work of Hemley and Jones (1964). Figure 11 shows 
reaction curves in the system K20-Al203-Si02“H20. It is 
thought that hydrothermal fluids were rich in potassium 
favoring the formation of K-feldspar and K-mica (sericite) 
near the center of mineralization. K-spar and sericite 
removed potassium from the fluids as they migrated outward
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Figure 11, Reaction curves for the system 
K20-Al203-Si02~H20. The dashed
line (--) indicates experimental
decomposition temperature of 
kaolinite in 0.5 m KCl solution. 
Temperatures of the hydrothermal 
solutions are not known and the 
solid line with arrow represents 
cooling temperatures with distance 
from the center and with time.
The arrow shows the path followed 
by the alteration fluids in the 
Kirwin Mineralized Area. (From 
Hemley and Jones, 1965).
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from the center. The lower KCl/HCl ratio decreased 
sericite’s stability field outward. The heavy line and 
arrow on the diagram is presumed to be the approximate 
path followed by the fluids with temperature and KCl/HCl 
content decreasing outward.
Figure 12 shows reaction curves for the system 
Na20-Al20g-Si02-H20. On this diagram NaCl/HCl increases 
to the right, thus favoring the formation of mixed-layer 
illite-montmorillonite. In the Kirwin area, sodium increases 
from a low in the argillic-phyllic zone of alteration to much 
greater concentrations in the propylitic alteration zone.
The arrow indicates the probable path of ore fluid 
conditions as they migrated outward. This would explain 
greater concentrations of mixed-layer illite-montmorillonite 
near the propylitic zone border.
Figure 13 from Velde (1969) gives stability fields for 
the important alteration minerals in the Kirwin area. The 
alteration trend is again plotted with an arrow in the 
direction of hydrothermal fluid migration outward from the 
center, and with a corresponding decrease in potassium.
This phase diagram shows an equilibrium mineral assemblage 
of (mixed-layer illite-montmorillonite) ML and (sericite) 
mica which is common in the Kirwin area. (Mixed-layer 
illite-montmorillonite) ML, (kaolinite) K, and (quartz) Q 
also compose a common assemblage. One problem in the Kirwin
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Figure 13. Phase relations in the system muscovite- 
pyrophyllite. The deduced phase relations 
for the study are shown in the figures for 
1 and 2 kilobar pressures. Arrows repre­
sent the direction in which a reaction 
was observed to proceed. The heavy black 
lines at the pyrophyllite composition are 
the reaction intervals deduced from the 
experiments. The numbers between Mu 
(muscovite) and Py (pyrophyllite) indicate 
the composition studies as a function of 
their pyrophyllite content. Temperatures 
of hydrothermal solutions are not known 
and the solid line with arrow represents 
cooling temperatures with distance from 
the center and with time in the Kirwin 
Mineralized Area. (From Velde, 1969).
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assemblage is that nearly every sample from all alteration 
zones contain mixed-layer illite-montmorillonite, sericite, 
and kaolinite ± chlorite. This assemblage is in obvious 
disequilibrium (Figure 13), but several possible explana­
tions for this can be proposed.
The hydrothermal system in the Kirwin Mineralized Area 
is obviously compositionally more complex than the experi­
mental systems of both Hemley and Jones, and Velde. It is 
possible that additional components might change phase 
relationships so that more phases could be in equilibrium.
It is also probable that some of the alteration minerals 
are in disequilibrium. Early chemical and temperature condi­
tions may favor the formation of a hypothetical mineral 
assemblage A. Later conditions, although unfavorable for 
assemblage A, did not completely destroy it while mineral 
assemblage B formed. It is presumed that the first hydro- 
thermal fluids intruded a nearly unaltered andésite at a 
relatively high temperature (above 600‘’C) . The fluids were 
continuously cooling with time while CaO, MgO, and Na20 were 
being leached from the system. At first K-feldspar and 
sericite were formed, later the mixed-layer illite-montmoril­
lonite, and eventually the temperature decreased and the 
system was leached enough that kaolinite could form. In 
addition, supergene processes, which presumably began after 
hydrothermal activity ceased, could have formed some of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
36
clay minerals without destroying previous assemblages. 
Supergene alteration minerals are probably quartz, hematite, 
halloysite and possibly chlorite.
A third probable explanation is that equilibrium condi­
tions exist on such a small scale around veinlets that they 
cannot be detected with the available equipment. Small 
veinlets which normally show bleached margins grading into 
darker wall rock are common throughout the altered zone.
Two such veinlets were analyzed by X-ray diffraction for 
clay mineral ratios and the results were computed. Figures 
14 and 15 are variation diagrams with clay mineral ratios 
plotted against distances from the veinlets. As shown by 
the diagram, sericite is predominant in and near the 
veinlet with mixed-layer illite-montmorillonite increasing 
outward.
All three of the above explanations are without a doubt 
important when the whole area is considered. Greater 
amounts of sericite toward the center reflect higher tempera­
tures and a higher cation to [H"*"] ratio, but in the later 
stages of hydrothermal activity cooler temperatures and 
greater [H"*"] to cation concentration might allow the 
formation of kaolinite and mixed-layer illite-montmorillonite. 
The mixed-layer illite-montmorillonite in the argillic-phyllic 
zone, is probably more potassium rich than that found on the 
margins.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
37
70
COH
«a
u
<0
c•HS
•H
U
° 30
4J
C0}
U 200
eu
10
0 cm 1cm 2 cm 3 cm
Distance from the Veinlet
Figure 14. Variation diagram of clay 
ratios adjacent to a veinlet. 
Error is ± 15% of the amount 
present for each clay mineral
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 8
100
90
w
r - 4(dk<ua
>1id1—1U
w-t
O
4JC
Q)
O
U
a>
70
50
30
10
O Sericite
G Kaolinite
^  Illite-Montmoril' 
lonite
A
V °/\A
□
Figure 15
0mm 3nm 4mm âmm amm 
Distance From the Veinlet
Variation diagram of clay ratios 
adjacent to a veinlet. Error is 
± 15% of the amount present for 
each clay mineral in each sample,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
39
In the argillic-phyllic zone, mixed-layer illite- 
montmorillonite is predominant but sericite and biotite 
are also present. Most of the sericite occurs in veinlets 
with lesser amounts in the country rock. Higher sericite 
concentrations in veinlets are probably related to 
potassium availability from the percolating fluids which 
did not penetrate appreciably into the country rock. Mixed- 
layer illite-montmorillonite is a common phase outward from 
the veinlets.
Secondary biotite is believed to have formed during 
two time periods. The first period is early deuteric 
alteration at the time the andésite crystallized. This 
period of alteration formed biotite in the matrix but did 
not appreciably affect mafic phenocrysts. The second period 
of alteration is a hydrothermal event resulting in the 
complete replacement of mafic phenocrysts by secondary 
biotite, chlorite, and sericite. There is little evidence 
that the secondary biotite became unstable at any time 
during hydrothermal alteration. In thin section the 
biotite is not corroded or replaced except for occasional 
grains altering to chlorite.
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Chapter 4 
THE VOLCANIC TUFF
Petrology
A tuffaceous body which is roughly oval (?)-shaped 
"intrudes" the Wiggins Formation in the Kirwin Mineralized 
Area. It is approximately 2,000 feet wide in a north­
easterly direction and at least 3,000 feet long in a 
northwesterly direction. Along the southeastern margin 
which abuts the intensely altered area, the interface 
between the Wiggins Formation and the volcanic tuff is very 
steeply dipping to vertical. The attitude and location of 
the contact to the north is indefinite but presumed to be 
steep. Outcrops of this tuffaceous body are scarce but a 
few roadcut exposures are located on the north side of 
Bald Mountain.
The tuff is nearly pure white in outcrop and contains 
numerous volcanic rock fragments which range in size from 
microscopic to several feet in diameter. There is little 
evidence of layering, but one roadcut on Bald Mountain 
shows oxidized zones which are roughly horizontal and may 
be a reflection of primary layering.
40
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Composed primarily of plagioclase (An^g.^o)^ sericite 
(white and green mica), quartz, and calcite with minor 
amounts of pyrite, chalcopyrite, apatite, epidote (?), 
kaolin, mixed-layer illite-montmorillonite, chlorite, and 
leucoxene, the tuff is porphyritic with a fine grained 
matrix. Rock fragments, quartz and plagioclase phenocrysts 
are enclosed in a matrix of sericite, clay, ± quartz and 
plagioclase. The quartz phenocrysts are euhedral, doubly 
terminated, or rounded grains ranging from 1-4 millimeters 
in diameter. They are usually embayed and resorbed into 
the matrix. The quartz is commonly but not always highly 
fractured. Quartz veins are frequently observed in rock 
fragments but they rarely extend into the matrix. One 
particularly interesting quartz vein was apparently broken 
out of the wall rock and now is completely surrounded by the 
matrix with no ingress or egress channelways. Some late 
quartz veins cut both matrix and rock fragments. Plagio­
clase occurs as euhedral to subhedral phenocrysts ranging 
from 6 mm to less than .5 mm in size. The plagioclase, 
generally intensely altered to sericite, clay, calcite, and 
occasionally epidote, is twinned and zoned similar to that 
in the andésite. The plagioclase is often highly fractured 
but less commonly than the quartz. In some samples, pheno­
crysts of muscovite are accompanied by chlorite, both of 
which may have altered from biotite.
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Volcanic rock fragments, generally quite angular but 
occasionally subangular to subrounded, range in composition 
from granitic to basaltic and occur in various stages of 
alteration. A few rock fragments appear quite fresh while 
others are completely altered and mineralized which is 
evidence that the tuff intruded after or during the later 
stages of hydrothermal activity.
Modal analyses for six samples of the tuff are shown in 
Table 6. The tuffaceous matrix consists primarily of white 
mica (sericite) with lesser amounts of mixed-layer illite- 
montmorillonite, chlorite, and kaolinite ± K-feldspar (?). 
Sulfides consist of chalcopyrite and pyrite. They occur 
mostly in volcanic rock fragments but some samples have 
considerable quantities in the matrix.
Mineral Modal Average Modal Range
Quartz 18.8% 36.6%- 3.0%
Plagioclase 14.6% 33.6%- 3.7%
Ca & Mg Carbonate 10.1% 15.7%- 1.2%
Matrix 56.5% 75.2%-23.9%
Sulfides minor
Apatite minor
Leucoxene minor
Table 6. Modal Analysis of Tuffaceous Material.
Two chemical analyses of the tuff at depths of 624 feet 
and 1,250 feet are presented in Table 7. These resemble 
granite in composition with the exception of a high calcium 
and magnesium content. Most of the calcium and magnesium
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must be in carbonate form since carbonates comprise ten 
percent of the rock. Accounting for this high percentage 
of calcium and magnesium is difficult. A possible explana­
tion is that percolating ground water precipitated the 
carbonates which may have been derived in part from the 
altered andésites to the south, during the latest stages of 
hydrothermal activity or during supergene alteration. In 
thin section, the carbonate minerals occur as small patches 
replacing plagioclase and as isolated patches in the matrix. 
Sodium is abnormally low and was perhaps leached out of the 
system.
1 2 3
Oxide 624 feet 1250 feet G-2
Sic, 68.20 70.08 70.03
AI2O3 16.29 16.35 15.60*Fe2Û3 4.02 3.18 2.53
MgO 2.81 2.50 .77
CaO 6.02 3.27 2.00
Na~0 1.22 1.35 4.10
K2O
Ti02
4.37 3.95 4.51
.40 .43 .48
Total 103.33 101.08 100.02
Table 7. Chemical Analysis of Tuffaceous Material. 
*Total Iron is Calculated as FegOg.
Explanation of Table 7 :
1. Rhyolitic tuff from location G at a depth of 
624 feet.
2. Rhyolitic tuff from location G at a depth of 
1250 feet.
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3. U. S. G. S. standard granite G-2 from Flanagan
(1967).
Several lines of evidence show that this tuffaceous 
body is probably a volcanic vent. The geologic map in the 
appendix, showing that the Kirwin area is the approximate 
center of an ill defined group of radial dikes, implies that 
Kirwin is a center of igneous activity. Secondly, the 
steep contacts with the surrounding andésite and the probable 
oval shape are important considerations. The angular and 
variable nature of the rock fragments, some of which are 
mineralized Wiggins andésite, suggest that this body is 
volcanic and not sedimentary in origin. In addition, the 
tuff extends to at least 1,900 feet below the valley floor, 
which limits the possibility that the tuff is valley fill. 
With increasing depth the tuff contains fewer rock fragments 
and is more welded, apparently grading into porphyritic rock 
similar to dikes in the Kirwin area. The fractured nature 
of the rock fragments, quartz and plagioclase phenocrysts 
suggests a relatively violent extrusion. The silicic 
composition of the tuff is consistent with a violent, 
explosive extrusive and intrusive origin. Finally, the long 
dimension of the tuffaceous body, trending northwest, is 
parallel to the line of intrusives in the Absarokas and the 
overall structure of the Rocky Mountains. Figure 16 is a 
schematic cross section of the tuffaceous body.
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Bald Mountain Brown Mountain
Wiggins
Andésite
rood River
Rhyolitic Tuff
Figure 16. Schematic cross section of volcanic vent.
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Petrogenesis
The evidence in the preceding section implies that the 
volcanic vent represents late stage volcanic activity in the 
Kirwin area. The long dimension of the body could represent 
a weakness in basement rocks through which the tuff and 
perhaps even some earlier rocks were extruded. The quartz 
and plagioclase phenocrysts in the tuff are nearly identical 
to those in the Wiggins andésites, suggesting that they have 
a common parent magma. The silicic nature of these rocks 
would make conditions more conducive to an explosive type 
eruption.
The scheme for eruption proposed here is a water and 
volatile rich magma, crystallizing plagioclase and quartz, 
which increased the relative volatile content and pressure, 
until it exceeded lithostatic pressure. At this time an 
explosive eruption occurred and wall rocks were broken off 
and included in the hot, partially molten mass. When 
explosive activity ended, the volcanic ash fell back into 
the crater and filled it. The material near the top crystal­
lized rapidly as poorly consolidated tuff and tuff breccia. 
At greater depths, cooling and crystallization was slower 
and the overlying material provided the pressure which 
caused this material to be "welded."
Alteration
Alteration products in the volcanic tuff include 
carbonates, epidote, chlorite, mixed-layer illite-
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montmorillonite, and sericite. By far sericite is the most 
predominant clay mineral, averaging 83,1% of the clay 
minerals present. The method for determining clay ratios is 
discussed in the appendix. It occurs as an alteration of 
plagioclase phenocrysts and in the fine matrix. Secondly, 
mixed-layer illite-montmorillonite averages fourteen percent 
of the clay minerals. The percent of expandable layers 
ranges from 40% to 80% and averages about 60%. When compared 
to the calculated patterns of Reynolds and Hower (1970), 
the mixed-layer illite-montmorillonite is found to be ran̂  ̂
domly interstratified. There is no obvious relationship 
between percent expandability and depth, which is considered 
to represent increasing temperature. However, those samples 
with a higher percentage of illite seem to correlate with 
higher percentages of sericite. In view of the preceding it 
is suggested that potassium availability might control the 
illite content in the mixed-layer illite-montmorillonite. 
Figure 17 plots sericite plus illite in the mixed-layer 
illite-montmorillonite against percent expandability. Note 
that the sericite plus illite may represent potassium 
availability. Although insufficient data points are avail­
able for a conclusive interpretation, the graph suggests a 
direct relationship between percent expandability and 
potassium availability. Increases in potassium availability 
correspond with decreases in percent expandability.
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Figure 17. Plot of percent expandability of mixed- 
layer illite-montmorillonite against 
potassium availability. Illite from 
mixed-layer illite-montmorillonite plus 
sericite is assumed to represent potassium 
availability. Error is ± 15% of the 
amount present for each clay mineral.
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Chlorite, a relatively minor constituent in the clay 
mineral suite, averaging less than 2.3% of the clay miner­
als, occurs in thin section as an alteration of biotite.
Kao1inite is a very minor constituent if it is present at 
all. It was not positively identified in any sample, but 
may be present at shallow depths.
The carbonates, constituting an average ten percent 
of the whole rock, occur as patches in plagioclase and as 
isolated patches in the matrix. None of the carbonate 
patches were identified as being rock fragments of sedi­
mentary limestone or dolomite, nor were any fossils or 
sedimentary structures observed in the carbonates.
There is no evidence for or against hydrothermal 
activity being partly or wholly responsible for alteration 
of the tuff. The mineralization of the tuff is minor 
compared to the altered andésites. Sulfides may have been 
broken away from the andésites during extrusion and included 
in the tuff; therefore, the best explanation of alteration 
in the tuff is probably a deuteric system. As the ash fell 
back into the vent, water and volatiles were trapped in the 
interstices. These fluids attacked the original minerals, 
thus converting them to the alteration suite.
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Chapter 5 
THE INTRUSIVE ROCKS
Numerous dikes which intrude the Wiggins andésites in 
the Kirwin area range in composition from rhyodacite 
porphyry to andésite porphyry, according to Streckeisen’s 
classification. Two periods of intrusion are indicated by 
Wilson (1960) who proposes a radial pattern of dikes around 
the Brown Mountain granodiorite as shown on the geological 
map in the appendix. The writer suggests that this vague 
radial pattern surrounds the Kirwin Mineralized Area.
In the altered zone these dikes are often encountered 
in drill holes but correlation from drill hole to drill hole 
is difficult. The contacts with the andésites range from 
sharp to gradational but are obscured by hydrothermal altera­
tion. At depth the dikes are relatively unaltered and they 
may be late stage.
One thin section of the rhyodacite porphyry was point 
counted for modal analysis. Estimates of mineral percent­
ages from other samples of these dikes are similar. Table 8 
presents the modal analysis of a relatively fresh rhyodacite 
dike at a depth of 1,284 feet. Plagioclase occurs as pheno­
crysts to .6 mm in diameter, and is altered to sericite,
50
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calcite, and epidote; but epidote only occurs in dikes which 
are marginal to or outside the mineralized area. Calcite 
occurs at depth and outside the mineralized area. Quartz 
occurs as phenocrysts and matrix material and attains a 
maximum diameter of 1 mm. Biotite, which is altered to 
calcite and chlorite along cleavages, occurs as phenocrysts 
2 mm in diameter to much smaller. The matrix material is 
primarily fine grained quartz and orthoclase.
Mineral Mode
Quartz 25%
Plagioclase 35%
Orthoclase 22%
Biotite 18%
Apatite Minor
Calcite Minor
Sulfides Minor
Table 8. Modal Analysis of Intrusive 
Rock.
The dikes are completely altered in the argillic- 
phyllic alteration zone. Alteration products of the dikes 
in all alteration zones are essentially the same as altera­
tion products of the Wiggins andésites. The significance 
of the altered dikes is that hydrothermal alteration must 
have been later than the intrusion of the dikes. One late 
rhyodacite dike which intrudes the tuffaceous volcanic vent 
is not altered or mineralized and is presumed by the writer 
to be the last igneous event in the area since it intrudes 
the volcanic tuff.
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Chapter 6 
MINERAL DEPOSITS
Paragenesis of ore and gangue minerals in the Kirwin 
Mineralized Area is illustrated in Figure 18. The minerals 
were identified and textures interpreted using both trans­
mitted and reflected light. Twenty-four polished sections 
and eighty-one thin sections were used in this study.
The paragenetic sequence has been divided into three 
stages —  deuteric, hydrothermal, and supergene. The 
deuteric stage represents alteration at the time of crystal­
lization of the Wiggins andésite by remaining interstitial 
fluids^ The hydrothermal stage presumably represents a hot, 
water-rich, base metal bearing fluid that altered the rocks 
and precipitated metallic sulfides, while the supergene 
stage is a reflection of leaching in the zone of aereation 
and precipitation of a new sulfide suite below the water 
table.
The deuteric stage mineralogy consists of calcite, 
sericite, epidote, biotite (?), quartz, and pyrite. Calcite 
and sericite apparently formed first as alteration products 
of plagioclase with later epidote replacing calcite. Fine 
grained randomly oriented secondary biotite replaces
52
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Minerals Deuteric
Stage
Hydrothermal
Stage
Supergene
Stage
Chlorite
Epidote
Sericite
Biotite
Calcite
Quartz
Gypsum
Pyrite
Molybdenite
Chalcopyrite
Sphalerite
Galena
Chalcocite
Cove Hi te
Azurite
Malachite
Figure 18. Paragenic sequence of mineral formation. 
Heavier lines indicate relative abundance 
of minerals during specified periods. 
Dotted lines indicate unsure relationships
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hornblende and earlier biotite. Chlorite altered from 
biotite and hornblende. Quartz occurs as small veinlets 
and may have formed during the later hydrothermal stage. 
Pyrite apparently formed at the expense of mafic minerals.
Pyrite, the first sulfide mineral to form in the hydro-
thermal stage, is frequently fractured, with chalcopyrite,
sphalerite, and less commonly galena filling the fractures.
»
Sphalerite and chalcopyrite are essentially coequal in time, 
but chalcopyrite appears to have started to form first. How­
ever, chalcopyrite has exsolved from sphalerite in most 
cases, implying the coequal time relationship. Galena, 
which formed late, frequently veins or replaces sphalerite 
and chalcopyrite. Apparently chalcopyrite precipitation 
continued after galena because veins of gangue in fractured 
galena contain chalcopyrite. The relationship of molybdenite 
is unclear as it usually occurs as disseminated grains with 
pyrite and chalcopyrite but seldom in contact. Chalcopyrite 
appears to be veining molybdenite in a few cases although 
textural relationships are not clear. Areas rich in 
chlorite and biotite usually contain disseminated chalco­
pyrite whereas pyrite is not so selective. Euhedral 
chlorite grains are frequently included as remnants in 
chalcopyrite and as chlorite commonly surrounding the 
chalcopyrite. Chlorite, then, formed prior to and simulta­
neously with chalcopyrite. Late quartz veins intrude earlier
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quartz sulfide veins indicating that quartz formation con­
tinued after ore precipitation ceased. Similarly, gypsum 
and calcite veins frequently intrude quartz veins although 
the opposite occurs occasionally.
During the supergene stage, secondary copper sulfides 
begain forming. Chalcocite and minor amounts of covellite 
replace chalcopyrite but do not affect pyrite. Malachite 
and azurite occur as rock fracture fillings or coatings 
near the earth's surface or at shallow depths. Quartz may 
have formed during the supergene stage as part of the sur­
face hematite boxwork.
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Chapter 7 
SUMMARY AND CONCLUSIONS
Several lines of evidence indicate that hydrothermal 
alteration of the Wiggins andésite occurred in the Kirwin 
Mineralized Area. The difference in layer silicate mineral 
assemblages and general outcrop appearance in and adjacent 
to the Kirwin area is of primary importance. The igneous, 
center in the area of study probably provided the channel- 
ways, if not the source, of hydrothermal fluids. Lastly, 
the concentration of ore minerals indicates that the Kirwin 
area underwent geologic processes not experienced by adjacent 
volcanics.
After crystallization of the Wiggins andésite, renewed 
igneous activity caused the intrusion of dikes which 
undoubtedly partially fractured the andésite and provided 
ingress channels for hydrothermal fluids. Much of the 
fracturing may have occurred while the Wiggins Formation 
cooled and crystallized. Hydrothermal fluids of unknown 
source, but probably genetically related to the magmatic 
source of the intrusives, percolated through the fractured 
rock depositing the ore minerals and altering the wall rocks. 
The nature of the hydrothermal fluids is uncertain, but the
56
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chemistry is probably reflected at least in part in the ore 
and alteration mineral assemblage.
Potassium in the argillic-phyllic alteration zone was 
not likely derived by diffusion from the propylitic zone 
because there is no potassium deficiency in the propylitic 
zone. Therefore, the potassium excess in the argillic- 
phyllic zone was probably derived from hydrothermal fluids.
The volcanic vent was emplaced during later stages of 
hydrothermal alteration or after its termination. Evidence 
for this relationship consists of altered and mineralized 
andésite inclusions in the tuffaceous material, a different 
suite of alteration minerals and the lesser amounts, or 
absence, of ore minerals in the tuff. The foregoing 
evidence disproves an argument for extrusion of the tuff 
before hydrothermal alteration. Possibly extrusion of the 
tuff released the pressure which was driving the hydro- 
thermal fluids upward.
The zonation of alteration minerals and the suite of 
ore minerals are remarkably similar to that of "porphyry 
copper" deposits. The late pyroclastic volcanic activity 
is not commonly reported in "porphyry copper" environments, 
however, the pyroclastics of Braden, Chile are similar to 
those of the Kirwin area. The absence of evidence of this 
late stage volcanic activity in most "porphyry copper" 
areas may be due to erosion. If this suggestion is correct.
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late stage pyroclastic volcanic activity may be an integral 
part of "porphyry copper" deposition.
Mixed-layer illite-montmorillonite is not commonly 
described in "porphyry copper" deposits, but it is probably 
present and can be identified with detailed studies. De­
tailed study of percent expandability of mixed-layer illite- 
montmorillonite might provide a useful geothermometer in 
these deposits.
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APPENDIX
Clay Mineral Identification
Samples of the Kirwin Mineralized Area were provided by 
AMAX Exploration Company in the form of drill cores. Samples 
for clay mineral identification were selected along two lines 
which pass through the approximate center of alteration, (see 
map lines X and Y) and at various depths ranging from near 
surface to 1,134.feet. An attempt was made to pick repre­
sentative samples which were similar in terms of rock type 
and number of veinlets per unit area. The variable nature 
of the andésites made this a difficult if not impossible 
task. Since the relative amount of sericite increases toward 
and in a veinlet, those samples with a high veinlet density 
had excessive amounts of sericite.
Samples were prepared for clay mineral identification 
according to Kinter and Diamond (1956). In order to 
eliminate coarse grained minerals such as biotite and 
vermiculite, the samples were not ground in a ball mill.
Clay minerals were removed by use of an ultrasonic disag- 
gregator; thus coarser grained secondary biotite was not 
present after the two micron fraction had been separated.
For purposes of this paper several layer silicates 
are considered to be clay minerals. These include fine
59
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grained muscovite mica (referred to as sericite in this 
paper), vermiculite, kaolinite, chlorite, and mixed-layer 
i^-lite-montmorillonite. Since most of these clay minerals 
occurred in every sample, identification posed a number of 
problems. Identification was made from X-ray diffraction 
analyses of 001 oriented and randomly oriented samples on 
the Norelco X-ray Diffractometer with scanning goniometer. 
Nickel filtered CuK radiation was used with a 1® diverging 
slit and .006" receiving slits. Scanning speed was 1® 20 
per minute and chart speed was 2® per inch. The criteria on 
which the mineral identification was based are discussed 
below.
Mixed-Layer Illite-MontmorilIonite. A mineral with a 
broad basal spacing at approximately 14.5 Â which expands to 
approximately 17 Â when treated with ethylene glycol is 
assigned to the smectite group. Heating to 600®C causes an 
irreversible collapse to 10 Â. Treatment with a 3N solution 
of HCl has little or no effect. Determination of percent 
expandability was based on comparison with Reynold's calcu­
lated diffraction patterns (1970). Criteria used included 
how far the low angle side of the 17 Â peak dropped toward 
background and the position of the 002 illite-003 montmoril- 
lonite peak between 5.3 Â and 5.7 Â. The latter criterion 
was not useful when sericite was abundant because the 002 
sericite peak apparently shifted the 002-003 illite-
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montmorillonite peak to lower angles. No attempt was made 
to identify the specific smectite group mineral in the 
mixed-layer illite-montmorillonite although calcium was 
found to be present in the mineral.
Sericite. An integral sequence of very sharp basal 
reflections at approximately 10, 5, and 3.3 Â was used to 
identify this mineral. Heat and acid treatment had no 
effect on peak positions. The 060 reflection of several 
randomly oriented samples was found to be approximately 1.50 
Â which indicates that the sericite is dioctahedral and 
resembles muscovite.
Kaolinite. A strong basal reflection at approximately 
7.15 Â was the primary criterion used in identifying this 
mineral. This peak, however, is superimposed on the 002 
chlorite peak. After treatment with dilute HCl, the 
persistence of the 7 Â peak was considered to be a positive 
identification of kaolinite. Heating to 600*̂ 0 resulted 
in the disappearance of the 7 K peak if kaolinite were 
present and chlorite absent. No positive identification of 
the kaolin group mineral or minerals was made. Three 
randomly oriented samples suggested that a "band head" peak 
was present at approximately 4.5 Â indicative of halloysite, 
but interference from other minerals made positive identi­
fication impossible. It is believed by the writer that
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halloysite is present at shallow depths as a supergene 
alteration mineral.
Chlorite. Identification of this mineral is based on 
a strong basal reflection at approximately 14 Â and a weaker 
002 reflection at approximately 7 Â. Heat treatment resulted 
in an intensified 14 Â peak while the 7 Â peak was removed or 
diminished. Treatment in 3N HCl at 80°C for two hours re­
sulted in the destruction of chlorite. In general, per­
sistence of a 7 Â peak with no 14 Â peak after heat treat­
ment was considered to be proof of kaolinite while persist­
ence of 14 and 7 Â peaks after heat treatment was considered 
to be proof of chlorite.
Semiquantitative analysis of clay mineral ratios were 
made on all samples based on 001 peak heights. Reference is 
made to the work of Perry (1970), who calculated clay ratios 
of illite-montmorillonite and kaolinite. His procedure was 
to measure the area under the 001 reflection curves, 
multiply illite by four and kaolinite by two and normalize 
to 100%. According to Perry, the precision of this method 
is plus or minus fifteen percent. Except for one sample 
which showed a reversal in the clay ratios, the writer was 
within this range. It is not known what caused this dis­
crepancy. Figure 19 shows representative diffraction 
patterns for the clay mineral suite.
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Figure 19
8 12 16
Diffraction pattern of clay minerals from 
the argillic-phyllic zone of alteration. 
From drill location B at a depth of 399 
feet.
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14 164 126 1082
Figure 20, Diffraction pattern of clay minerals in the 
propylitic zone of alteration. From drill 
location F at a depth of 200 feet.
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Sericite
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Mixed-Layer 
111ite-MontmorilIonite 
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Figure 21 Diffraction pattern of clay minerals in 
the volcanic tuff. From drill location 
G at a depth of 834 feet.
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X-Ray Spectrographic Analysis
Samples for whole rock chemical analyses were chosen 
on the basis of location within the altered area. The sam­
ple presumed to be representative of unaltered andésite was 
taken from a depth of 250 feet in the zone of propylitic 
alteration. Thin section studies revealed only minor altera­
tion with little evidence of metasomatism. Approximately 
four inches of core were cut on the diamond trim saw to 
eliminate quartz and calcite veinlets. The altered andésite 
came from the center of the mineralized area at 399 feet.
This sample was slightly bleached argillaceous andésite, 
typical of the andésite in the central alteration zone. The 
tuffaceous volcanic vent material was taken from one drill 
hole at varying depths which represent welded and unwelded 
tuf f ë
Samples were ground with a tungsten carbide capsule and 
rod in a Wig-L-Bug model 4 grinder. The samples were then 
split down to approximately .5 grams. This powder was then 
heated in a porcelain crucible at 1150°C for two hours to 
oxidize the iron. After cooling the sample, a 2:1 mixture 
of lithium borate and sample was prepared, placed into a 
carbon crucible, and fused at 1150®C. The resulting glass 
bead was ground to a fine powder using the Wig-L-Bug 
grinder. This powder was pressed in methyl cellulose to 
produce a pellet with an exposed flat surface of sample.
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The prepared pellets were exposed to radiation from a 
chromium target X-ray tube in a Norelco X-ray Vacuum Spec­
trograph. The voltage was set at 53 Kv while amperage was 
set at 19 Ma. Analytical procedure was in accordance with 
Ehinger (1970).
The standards used for the X-ray analysis were silicate 
rock standards prepared by the U. S. Geological Survey 
(Flanagan, 1967). AGV-1 (an andésite) and GSP-1 (a grano­
diorite) were chosen as they most closely resembled the 
samples being analyzed in terms of petrography and bulk 
chemistry.
The raw data were prepared for use in the computer 
program as written by Howen and Schmittroth, e_t â . (1964),
and modified by A. J. Silverman and Graham Thompson of the 
University of Montana to correct for matrix effects in the 
sample and standard. The input data consisted of the 
calculated intensity ratio of the standard to the unknown. 
The input data were punched onto IBM cards and fed into the 
computer along with the prepared program. The final output 
was the corrected chemical analysis for the sample expressed 
in terms of percent of the various oxides.
Sodium was analyzed on the Beckman model DU Flame 
photometer as X-ray spectrographic analyses of sodium gave 
poor results. The sample was ground to a fine powder and 
dissolved with perchloric and hydrofluoric acids in a
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platinum crucible. The residue was diluted with distilled 
water until estimated sodium concentration was in the range 
of 10 to 50 parts per million. Actual concentration of 
sodium in the unknown was analyzed on the flame photometer 
by comparing with standards. The standards were prepared 
by diluting a known amount of NaCl to 10, 15, 20, 25, 30,
35, 40, 45, and 50 parts per million sodium. Intensities 
of the various standards were plotted on a graph and unknown 
intensities were converted to parts per million by inter­
polation of the graph. The percent error of sodium is shown 
in Table 9.
The approximate error was calculated by analyzing one 
U. S. G. S. standard in comparison to another. Precision 
could not be calculated because a new X-ray tube was 
installed after the analysis. After being rounded to one 
decimal place, the published U. S. G. S. analysis was 
compared to the writer's calculated data. A list of percent 
error for each oxide is provided in Table 9.
Oxides Percent Errors
F?2°3 0%Ti02 0%
CaO 0%
K2O 2%
Si02 1%
AI2O3 3%
MgO 10%
_ _
Table 9. Percent Error of the Chemical Analyses.
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Modal Analysis
Modal analyses were computed using a Lietz Student 
Model Microscope, and point counter. Thin sections were 
point counted in five lines spaced three millimeters apart 
while spacing within each line was .1 mm. Approximately 
600 to 1,000 counts were recorded for each thin section.
All minerals which were large enough to be identified 
were counted while fine grained material was called matrix.
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